Tight control of the intracellular uracil level is believed to be important to reduce the occurrence of uracil incorporation into DNA. The pyrG gene of Aspergillus nidulans encodes orotidine 5′-phosphate decarboxylase, which catalyzes the conversion of orotidine monophosphate (OMP) to uridine monophosphate (UMP). In this study, we found that pyrG is critical for maintaining uracil at a low concentration in A. nidulans cells in the presence of exogenous uracil. Excess uracil and its derivatives had a stronger inhibitory effect on the growth of the pyrG89 mutant with defective OMP decarboxylase activity than on the growth of wild type, and induced sexual development in the pyrG89 mutant but not in wild type. Analysis of transcriptomic responses to excess uracil by digital gene expression profiling (DGE) revealed that genes related to sexual development were transcriptionally activated in the pyrG89 mutant but not in wild type. Quantitative analysis by HPLC showed that the cellular uracil level was 6.5 times higher in the pyrG89 mutant than in wild type in the presence of exogenous uracil. This study not only provides new information on uracil recycling and adaptation to excess uracil but also reveals the potential effects of OMP decarboxylase on fungal growth and development. orotidine 5′-phosphate decarboxylase, stress, uracil, sexual development
Orotidine 5′-phosphate decarboxylase (OMP decarboxylase; EC 4.1.1.23) is essential for the de novo biosynthesis of pyrimidine. It catalyzes the conversion of orotidine monophosphate (OMP) to uridine monophosphate (UMP) by decarboxylation. OMP decarboxylase is encoded by URA3 in Saccharomyces cerevisiae [1] , pyrG in Aspergillus nidulans [2] , and pyr-4 in Neurospora crassa [3] . Auxotrophic mutants with impaired OMP decarboxylase can grow normally if exogenous uridine and uracil are added to the growth medium, and their deficiency is easily complemented by genes encoding functional OMP decarboxylases. Therefore, genetic transformation systems based upon complementation of OMP decarboxylase mutants are widely used for many fungal species, such as S. cerevisiae [4] , A. nidulans [5] , Penicillium chrysogenum [6] , Aspergillus niger [7] , Trichoderma reesei [8] and Aspergillus fumigatus [9] . In filamentous fungi, the N. crassa pyr-4 gene is a widely used selectable marker to complement OMP decarboxylase mutants [5] [6] [7] [8] [9] [10] [11] .
When the phenotype of a newly generated mutant is characterized, the corresponding OMP decarboxylasedeficient parent strain is often used as a control. In this case, uracil must be added to the medium to allow the parent strain to grow. However, it is not known whether the exogenous uracil has different effects on the growth or development between pyrG mutants and wild type. Several lines of evidence suggest that the cellular uracil level is tightly controlled to prevent the accumulation of excess cellular uracil in fungi. In response to exogenous uracil, the transcriptional level of FUR4, which encodes a uracil permease for uracil transport in S. cerevisiae [12] , is downregulated [13, 14] . Similarly, exogenous uracil triggers the transcriptional down-regulation of A. nidulans furD, a gene encoding Fur4p-like uracil permease [15] . At the posttranslational level, the presence of exogenous uracil accelerates the degradation of Fur4p by enhancing its ubiquitylation [14] . Tight control of the cellular uracil level is believed to be important to maintain a low ratio of uracil/thymine to prevent the incorporation of uracil into DNA [15] . Replacement of thymine with uracil in regulatory regions of genomic DNA can disrupt the specificity of protein-DNA interactions [16] .
In this study, we found that the loss of OMP decarboxylase in A. nidulans increased its sensitivity to excess uracil and its derivatives. Excess uracil and its derivatives induced sexual development in OMP decarboxylase mutants but not wild type. Transcriptomic profiling of uracil responses by DGE also revealed that genes involved in sexual development were activated by excess uracil in the OMP decarboxylase mutant.
Materials and methods

Strains and media
In this study, the A. nidulans strain FGSC A773 (pyrG89; wA3; pyroA4; veA1) was used as the parental strain. A PCR fragment containing the N. crassa pyr-4 sequence was transformed into FGSC A773, yielding strain AHC01 (pyrG89; wA3; pyroA4; pyr-4; veA1). Fungal transformation was conducted as described by Miller et al. [17] and Calvo et al. [18] . ALS05 (wA3; pyroA4; veA1) was generated by crossing FGSC A773 (pyrG89; wA3; pyroA4; veA1) with FGSC A4 (veA+).
MMV medium (1% glucose, nitrate salts, trace elements, and vitamins, pH 6.5) was used for growing A. nidulans. The composition of trace elements, vitamins, and nitrate salts in the medium were as described by Käfer [19] . Uridine (5 mmol L 1 as 1×) and uracil (10 mmol L 1 as 1×)
were added as needed. Media were solidified with 1.5% agar.
Analysis of cellular uracil and other intermediates
The spores of A. nidulans A773 or ALS05 were inoculated into a 300-mL flask containing 150 mL medium (MMV+1× uridine+4×uracil) and incubated at 28°C with constant agitation at 180 r min 1 for 30 h. Subsequently, metabolites were extracted following the method described by Ruijiter and Visser [20] . The extracted mycelia were collected and lyophilized to determine dry weight. The extracts were filtered through 0.45-µm filters and intermediary metabolites were identified and quantified by high performance liquid chromatography (HPLC) using a COSMOSIL C18 column (4.6 I.D.×250 mm) with 5% acetonitrile and 0.04% trifluoroacetate solution as the eluent.
Studies on sexual development
To compare sexual development of the pyrG89 mutant with that of wild type, the production of Hülle cells was evaluated. Four plugs (0.5 cm in diameter) of fungi growing on the surface of the agar medium (MMV+1×uridine+4×uracil) were harvested with a borer and homogenized in 2 mL distilled water. Hülle cells were counted with a hemacytometer under a light microscope. The average number of Hülle cells per square millimeter from three replicates was calculated.
Analysis of transcriptomic responses to excess uracil by digital gene expression profiling analysis
To compare the differences in transcriptomic responses to excess uracil between wild type and the pyrG89 mutant, we examined genome-wide transcriptional responses to excess uracil by digital gene expression (DGE) profiling [21] . Briefly, the spores of A. nidulans wild type or the pyrG89 mutant were inoculated into 150-ml flasks containing 75 mL liquid medium (MMV+1×uridine+4×uracil and MMV+1× uridine+1×uracil) and incubated at 28°C with shaking at 180 r min 1 for 30 h. Then RNA was extracted from three replicate samples for the DGE profiling assay. Isolation of mRNA from total RNA samples and preparation of sequencing tags were conducted using the DGE Tag Profile Kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. Details of the method were described by Sun et al. [22] . After treatment of raw data, all clean tags were mapped to the reference sequences (http://www.broadinsti tute.org/ annotation/genome/aspergillus_group/Blast.html). To monitor mapping events on both strands, both sense and complementary antisense sequences were included in the mapping process. The clean tag numbers corresponding to each gene were counted.
Identification of differentially transcribed genes
To identify genes differentially transcribed between two samples, the number of raw clean tags in each sample was normalized to tags per million (TPM). Detection of differentially transcribed genes or tags across samples was performed according to the method previously reported, i.e., transcriptional ratios between two samples of greater than 2 and less than 0.5 were the thresholds to define differentially transcribed genes [23] . Correlations between count numbers in two parallel libraries were assessed statistically by calculating Pearson correlation coefficients. In addition to the P-value, the false discovery rate (FDR) was manipulated to determine differentially transcribed genes [24] . In this study, P0.01, FDR0.1, and the absolute value of log2 ratio1 were used as the thresholds to assess the significance of differences in gene transcription.
Biological function annotation and enrichment analysis
To reveal the biological functions of differentially transcribed genes in response to excess uracil, annotation of the important subsets of genes was performed using BLAST (ver. 2.2.23+) software against the FunCat database (http:// mips.helmholtz-muenchen.de/proj/funcatDB/), with an Evalue cut-off of 1×10
10
. To further highlight significant biological changes, gene set enrichment analysis was conducted with R statistical software (http://www.r-projects.org/), and the hypergeometric test algorithm was applied with the threshold values of P0.01 and FDR0.1.
Quantitative real-time PCR analysis
cDNA was synthesized from total cellular RNA using a cDNA Synthesis Kit (Fermentas, Burlington, Canada). PCR was performed in using a iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with SYBR-Green detection (SYBR PrimeScript RT-PCR Kit, TaKaRa Biotechnology Co., Ltd., Dalian, Liaoning, China), according to the manufacturer's instructions. Each cDNA sample was analyzed in triplicate, and the average threshold cycle was calculated. Relative expression levels were calculated using the 2 ∆∆C t method [25] . The results were normalized to level of β-tubulin transcripts. The primer pairs used for qRT-PCRs are shown in Table 1 . 
pyrG89 mutation increases sensitivity to excess uracil
In fungi, the cellular uracil level is tightly controlled to prevent the accumulation of excess cellular uracil. A. nidulans strains lacking PyrG (orotidine 5′-phosphate decarboxylase) activity can grow only when exogenous uracil and uridine are added to the medium. The pyrG-defective mutants should be more tolerant than wild type to excess exogenous uracil and uridine. To test this possibility, we compared the growth of the wild-type control strain ALS05 with that of the pyrG-defective mutant A773 (pyrG89) on plates with different concentrations of uracil and uridine. Opposite to our expectations, the pyrG89 mutant was more sensitive than wild type to excess uracil and uridine. As shown in Figure 1 , after 5 d of growth, the colony sizes of the wild-type control strain on plates containing a high concentration of uracil and uridine (four times normal levels, designated as 4×uracil or 4×uridine) were similar to those on plates with normal concentrations of uracil and uridine (1×uracil, 1×uridine). In contrast, the average colony size of the pyrG89 mutant on the 4×uracil and 4×uridine plates was 69%±2% of that on 1×uracil and 1×uridine plates. We then found that excess uracil could inhibit colony growth, and excess uridine (20 mmol L 1 ) did not inhibit colony growth in either wild type or the pyrG89 mutant ( Figure 1 ). Transformation of N. crassa pyr-4 into the pyrG89 mutant completely rescued the uracil-hypersensitive phenotype caused by the pyrG89 mutation ( Figure 1 ). On 1×UU (5 mmol L 1 uridine and 10 mmol L 1 uracil)
plates, both wild type and the pyrG89 mutant reproduced mainly by asexual sporulation (Figures 1 and 2 ). The colonies of both wild type and pyrG were white because of the high density of conidia produced on the colony surface. On 4×UU (20 mmol L 1 uridine and 40 mmol L 1 uracil) plates, wild type still reproduced mainly by asexual sporulation, while conidial production was dramatically decreased and sexual development remarkably increased in the pyrG89 mutant, resulting in a yellowish color of colonies (Figures 1  and 2 ). When observed under a dissecting microscope or by scanning electron microscopy, protocleistothecia, which were surrounded by yellow Hülle cells, were abundant on the surface of the pyrG89 mutant on 4×UU plates. In contrast, protocleistothecia were rarely seen on the surface of wild type on 4×UU plates and on the surface of the pyrG mutant on 1×UU plates ( Figure 2 ).
pyrG89 mutation increases sensitivity to excess chemicals related to uracil metabolism
In eukaryotes, cellular uracil can serve as a precursor for synthesis of many other compounds or it can be degraded by two pathways [26, 27] . To test whether compounds in- 
pyrG89 mutation causes an accumulation of uracil in cells
The hypersensitivity of the pyrG89 mutant to excess uracil To test this hypothesis, cellular uracil, uridine, and AMP in pyrG89 and wild type grown in minimal medium with 4×uracil and uridine were quantitatively analyzed by HPLC. The cellular uracil, uridine, and AMP levels in the pyrG89 mutant were 653%, 31%, and 51% higher, respectively, than those in wild type (Figure 4 ).
Analysis of transcriptomic responses to excess uracil
To understand the mechanism of uracil accumulation and the developmental effects of uracil on the pyrG mutant, we analyzed transcriptomic profiles of the pyrG89 mutant and wild type grown in liquid medium supplemented with normal (1×) or excess (4×) levels of uracil by DGE profiling. In response to excess uracil stress, 185 and 71 genes were up-regulated in the pyrG89 mutant and wild type, respectively, and 317 and 162 genes were down-regulated in the pyrG89 mutant and wild type, respectively. If transcriptional levels of genes in the pyrG89 mutant and wild type were compared under excess uracil conditions, 1025 genes showed at least 50% lower transcript levels and 655 genes showed higher (>1 fold) transcript levels in the mutant than in wild type (Supplemental Data S1). In response to excess uracil stress, many genes (e.g., ANID_07074, ANID_03925, ANID_10399, ANID_02859, and ANID_05567) showed no transcriptional response in wild type but were dramatically up-regulated in the pyrG89 mutant (Table 2 ). Many other genes (e.g., ANID_06657, ANID_01608, ANID_02578, and ANID_05145) maintained high transcript levels in wild a) Gene accession numbers were annotated according to Aspergillus comparative genome database (http://www.broadinstitute.org/annotation/genome/aspergillus_ group/MultiHome.html/). b) Function annotations were obtained from broad description of genes. c) TPM, tags per million. type but not in the mutant under uracil stress. These findings indicate that the pyrG89 mutant had more significant transcriptional responses to uracil stress than did wild type, suggesting that the pyrG89 mutant suffered greater stress than did wild type under these conditions. The maintenance of stable gene expression levels might be important for cellular metabolism and growth under uracil stress.
Transcriptional responses by nucleotide metabolism-related genes to excess uracil
Gene set enrichment analysis showed that differentially transcribed genes between the two tested strains were mainly involved in C-compound and carbohydrate metabolism, transportation of compounds, and functions related to disease, virulence, and defense (Table S1 ). Among the genes directly related to uracil metabolism, ANID_05655, which encodes a 5′-nucleotidase (EC: 3.1.3.5), showed an 8-fold higher transcript level in the pyrG89 mutant than in wild type (Table 2 ). 5′-nucleotidase catalyzes the dephosphorylation of nucleoside monophosphates and is involved in salvaging preformed nucleotides [28] . The increased transcript levels of the 5′-nucleotidase gene suggest that the balance between nucleotides and nucleosides is disordered in the mutant.
Transport is the first step for salvage of exogenous pyrimidine bases. In A. nidulans, furD (ANID_11247) and cntA (ANID_05493) are uracil-and uridine-transporter genes, respectively [29] . As shown in Table 3 and Table S2 , neither of these genes showed higher transcriptional levels in the pyrG mutant than in wild type.
Transcriptional responses of sexual development-related genes to excess uracil
In response to excess uracil, several genes involved in sexual development were differentially transcribed in the pyrG89 mutant relative to wild type. As shown in Table 3 , transcript levels of esdC (ANID_09121), nosA, and noxA in the pyrG89 mutant were more than 4-fold higher than in wild type. Conversely, transcript levels of the flavohemoglobin gene fhbA in the pyrG89 mutant were only 26% of that in wild type. These results were confirmed by qRT-PCR ( Figure 5 ). The A. nidulans esdC (early sexual development) gene is necessary for sexual development [30] . The nosA gene controls fruiting body formation in A. nidulans [31] . The noxA gene is induced during sexual development, and deletion of noxA specifically blocks differentiation of sexual fruit bodies (cleistothecia) [32] . For the flavohemoglobin gene fhbA, deletion of fhbA induced sexual development [33] . Thus, the up-regulation of esdC, nosA and noxA genes and downregulation of fhbA in the pyrG mutant theoretically favors sexual development.
Discussion
PyrG participates in maintaining steady levels of cellular uracil
OMP decarboxylase is required for pyrimidine synthesis. Cellular uracil levels are tightly controlled to prevent the accumulation of uracil. This is accomplished by the regulation of uracil permeases at transcriptional, posttranscriptional, and posttranslational levels [1315] . In this study, we found that excess uracil in the medium caused uracil accumulation in cells of the pyrG89 mutant but not those of wild type, indicating that OMP decarboxylase participates in maintaining cellular uracil at a low level. In A. nidulans, furD (ANID_11247) and cntA (ANID_05493) are the only known transporter genes for uracil and uridine, respectively. It was proposed that more uracil transporter genes should exist in this fungus [29] . Thus, although furD and cntA did not display statistically higher transcript levels in the pyrG mutant than in wild type, we cannot exclude the possibility that accumulation of cellular uracil in the pyrG89 mutant is due to increased uracil transport. If the accumulation of uracil is independent of uracil transport, one possible explanation is that PyrG might play a role in recycling extra uracil by an unknown mechanism, in addition to its role in catalyzing UMP biosynthesis.
Excess accumulation of uracil is believed to be toxic to cells, but these toxic effects were not observed. Here, we provide direct evidence that high concentrations of uracil affect the growth and development of A. nidulans. Because they can accumulate high levels of uracil, pyrG89 mutants would be useful research materials to investigate whether increased cellular uracil can elevate the frequency of uracil incorporation into DNA. In contrast to uracil, uridine did not have inhibitory effects, even though it accumulated in the pyrG89 mutant. Since uridine cannot be directly incorporated into DNA as a substrate to synthesize uracil-DNA, it might be less toxic than uracil.
Excess uracil activates sexual development
For most filamentous ascomycetes, asexual sporulation is the major reproduction mode under normal conditions, while sexual development is usually induced by extreme conditions such as low temperature or extended darkness. Therefore, activation of sexual development might be a strategy for fungi to survive under extremely unfavorable conditions. Here, we showed that uracil and other metabolites involved in uracil metabolism could activate sexual development and suppress conidiation in the pyrG89 mutant, and that the transcriptions of genes involved in sexual development, such as esdC, nosA, and noxA, could be induced by uracil. These observations suggest that cellular accumulation of uracil and related metabolites can alter the developmental pattern of A. nidulans. Similar to the pyrG89 mutant grown under excess uracil stress, A. nidulans mutants with defects in sphingolipid biosynthesis displayed enhanced sexual sporulation and reduced conidial production [34] . These phenomena indicate that sexual development can be activated by diverse metabolic abnormalities. Each metabolic process might have monitors to sense changes. However, abnormal signals from different metabolic monitors might be passed to the same unknown signaling pathway that determines developmental fate. Activated by metabolic monitors, this pathway might transcriptionally activate esdC, nosA, and noxA, which further activate expressions of genes required for sexual development.
pyrG affects sensitivity to multiple stresses
Auxtotrophic pyrG mutants are the most frequently used parent strains for generating new strains by gene deletion or overexpression in A. nidulans and other fungal species. Phenotypic observations of new strains derived from pyrG mutants are often conducted using the parental pyrG mutants as controls. However, this study clearly demonstrates that the pyrG mutation can alter the growth and developmental pattern. Thus, when new mutants are generated using a pyrG mutant as the parent, care must be taken to ensure that the resulting phenotypes are due to the new mutation alone, and do not reflect the pyrG mutation.
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